Average carrier mobility, defined as (H_H + ) 2 versus tem-16 perature for pyrolytlc graphite heat treated at three different temperatures.
5.
Total carrier concentration, n_ + n., as a function of 17 temperature for pyrolytlc graphite heat treated at temperatures In the range from 2 500 o C to 3000 o C.
PURPOSE
The purpose of this program is to theoretically and experimentally study the possible means of utilizing double-stream instabilities for microwave power generation and amplification. The processes to be investigated are those double-s f ream instabilities created when the negative and positive charges in a solid drift at different rates. The investigation is to determine the feasibility of utilizing the plasma oscillations in anistropic materials, such as pyrolytic graphite, for microwave generation and amplification. The work is to be done at any convenient microwave frequency, but it is intended that the results be applicable to the generation and amplification at millimeter and submillimeter wavelengths.
ABSTRACT
A physical basis for the amplification of an rf signal by the interaction between counterstreaming beams of negative and positive charges is presented in Section I of this report. The description and analysis for this discrete-velocity double-stream amplification process provides a simplified analogy to the operation of the double-stream amplifier, utilizing pyrolytic graphite, currently under investigation. Using the analogy, and taking care to avoid having the mathematics of statistical distributions osbcure the physical phenomena, the double-stream interaction is considered both qualitatively and quantitatively. Conditions for the existence of instabilities become apparent in terms of the physical parameters of the material. The results of these analyses are in agreement with the results of formal statistical calculations.
The characteristics of pyrolytic graphite that are important to the existence of double-stream instabilities are discussed in Section II. The material offers a two-component plasma with electron and hole densities of 18-3 : >2 -l-l 6x10 cm and mobilities on the order of 10 cm -volt -sec at room temperature. The effective masses of the holes and electrons are extremely small so that the long relaxation times required for the two-stream instability process are possible. Calculations reveal the relaxation times -12 of the carriers in pyrolytic graphite to be approximately 10 sec, which is of the same magnitude as found in indium antimonide. It is shcvn that carrier mobilities and densities can be determined from three separate measurements. Measurements of conductivity in the initial samples of pyrolytic graphite have been correlated with others. Arrangements have been made for obtaining additional samples which have been annealed at a range of temperatures; thus, a range of material parameters will be available for the double-stream instability experiments. 
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INTRODUCTION
The possibility of generating millimeter waves by means of double-stream instabilities in anisotropic media is being investigated. The millimeterwave generation technique being investigated is the coherent excitation of plasma oscillations, utilizing the two-component plasma available in pyrolytic graphite. The oscillations result from a two-stream instability created when the electrons drift with respect to the holes, as an electric field is applied. Transfer of energy is from the carriers to the oscillations and, h.-'nce, the source of energy is the dc electric field that produces the drift of the carriers. The process involved is essentially the same as that used to create double-stream instabilities in electron-beam studies, but much higher densities are now available from the drifting streams of holes and electrons in solid-state materials such as pyrolytic graphite.
The medium is termed a two-component plasma because both the electrons and holes have high mobility. This is in contrast to a gaseous plasma where only the electrons are really mobile, since the slow-moving ions act only as a uniform background of positive charge. Introduction
This section presents the physical basis for amplification of an rf signal by the interaction between a beam of negative charges and a beam of positive charges having equal and opposite discrete velocities. The physical description and the analysis of this discrete-velocity double-stream amplifier is useful in that it provides a simplified analogy to the operation of the solid-state plasma amplifier. In the solio-state amplifier, the interaction takes place between drifting streams of holes and electrons which have a displaced Maxwellian distribution of velocities so that the mathematics obscure the physical phenomena.
B.
Qualitative Description of Space Charge Waves 3 4 The phenomena of space-charge waves in electron beams is well known ' . A brief description which applies to either positive or negative charges is given in order to establish a background of physical concepts and definitions of terms. The basic phenomena will be described in terms of a stationary cloud of electrons. The same description applies to a moving cloud of electrons provided that a coordinate system is used which moves along with the average or dc velocity of the electrons. The electron cloud is initially assumed to be in a steady state condition with uniform charge density so that the Coulomb forces acting on the electrons are equal to zero. If the uniform charge density is perturbed by a displacement of some of the electrons in the cloud, an electric field is produced which tends to restore the electrons to their original position. However, as the electrons return, they overshoot the original position and assume a displacement in tie opposite direction. Since the restoring force is proportional to the displacement from the equilibrium condition, a simple harmonic motion or oscillation results, as in a pendulum. The oscillation is referred to as a plasma oscillation and the corresponding frequency of oscillation is the plasma frequency (f ).
-2-
A plasma wavelength can be defined by \ = f /v in t h e case of an 7 p p o electron beam which is moving at a constant velocity (v ), It should be noted that the plasma oscillation is a local phenomenon and wavelike motion occurs only for a moving stream.
By applying Gauss's law, V • E = p/t. and the force equation, E = ma, it can be shown that the plasma frequency is given by
where pis the charge density, 8 is the electron charge, t is the dielectric constant and m is the electron mass.
Consider now, that a sinusoidal disturbance in velocity at the radian frequency CJ is applied to an initially uniform stream of electrons moving at constant velocity by means of a modulating gap as in a klystron. Bunching of the beam will then take place due to the fast electrons overtaking the slow electrons. The distance between the bunches will be \ where s \ = ZTT/OJ v as shown in Fig. I . Figure 1 also shows pictorially the bunching for both positive and negative charges as related to the electric field in the modulating gap.
The arrows at the top of the figure show the direction of the force due to the applied field when the charges a through f are considered as positive charges. The arrows at the bottom are the forces when charges a through f are negative charges. The effect of the forces is to form an excess negative charge at point b and g for both the positive and negative-charge beam case, as shown by the solid circles. Similarly, an excess positive charge forms at point e for both types of beam, as shown by the empty circles. That is, a counter-streaming beam of positive and negative particles bunches the same as a single stream in which the charge density is the sum of the magnitudes of the charge density oi the individual streams. The behavior of individual streams, only, has been considered up to this point. The interaction of two closely adjacent counterstreaming beams of positive and negative charge will now be considered.
This phenomena is. of course, closely related to the electronic doublestream amplifier in which two electron streams travel in the same direction with slightly differing velocities, m these tubes the space charge waves grow in amplitude as a function of distance, thus providing a useful gain mechanism.
Consider the countermoving streams of positive and negative charges According to this qualitative description it has been established that a growing space-charge wave is possible when \ =Av T or when
where \ is the distance between bunches, Av is the relative velocity s o ' one stream is moving with respect to the other, and T is the period of a plasma frequency. Since the streams are assumed to have equal and opposite velocities, let the magnitude of the velocity of beam 1 be equal to +v and that of beam 2 to be equal to -v . The relative velocity difference is then Av = 2v .
o o -7-Assume that both streams have the same charge density so that, from Eq. (1), the plasma frequencies are the same for both beams. Substituting \ = 2-irv /*) and Av = 2v into Eq. (2), the condition established qualitatively for growing space-charge waves is
S -i (3)
This result will be derived quantitatively in the next section.
D. Quantitative Analysis of the Double-Stream Interaction
Consider two modulated beams flowing in the same region in the z-direction. Assume that the cross section of each beam is infinite so that the rf magnetic field is zero and a potential, V, can be introduced which is related to the couloumb electric field, E, by
The following notation will be used: p = charge density, v = particle velocities, and i = convection current density. (14) and (15) 
5)<^
This analytical result is in agreement with the previous criterion given by Eq. (3), which was derived qualitatively to be w /w = 2, and with the results of the formal calculations of Pines and Schrieffer .
In order to get high frequency operation large values of w are required which in turn requires large values of charge density and low values of particle mass, since w = p e/e m. The suitability of the respective quantities in pyrolytic graphite for high frequency operation is discussed in the following sections.
PART II. SIGNIFICANT PROPERTIES OF PYROLYTIC GRAPHITE
A. Introduction
Pyrolytic graphite is an intrinsic semiconductor or s e m i rr. e t a I that is prepared by cracking methane, then vapor-depositing the carbon on a flat 2 surface. Graphitization or crystallization is accomplished by a heat treatment at temperatures ranging from 2000 to 3 500 o K.
Pyrolytic graphite is a material that is characterized by a highly oriented microscopic crystallite structure that is formed in closely spaced planes called the a-planes or basal planes. The material is anisotropic both thermally and electrically. The properties of primary interest in the application of the material to solid state plasmas is the high carrier density and the high mobility in the basal plane.
Pyrolytic graphite offers a two-component plasma with electron and hole densities of 6 x 10 cm and mobilities on the order of'0 cm -volt -sec at room temperature. Thus, the effective masses of the holes and electrons are extremely small so that the long relaxation times required for the twostream instability process are possible.
B. Quantities Important to the Instability Process
A detailed theoretical analysis of the solid-state plasma instability has been carried out by Pines and Schrieffer , showing that high frequency oscillations can be excited under certain conditions. The important material quantities which must be considered are the mobilities, K_ and H + ; the densities, n_ and n + ; the temperatures T_ ^nd T + ; the effective masses, ITK and m ; the thermal velocities, v and v • the drift velocities, v . and
v, ; and the relaxation times, T _ and T+ where the subscripts (-) and (+) refer to electrons and holes, respectively. Conditions favorable to oscillations include (1) large mobilities for both electrons and holes, (2) large densities for both electrons and holes, (3) a high ratio of electron to hole temperatures, (4) small effective masses for both electron and holes, (5) a large ratio of drift velocities to thermal velocities for both electrons and holes, and (6) long relaxation times for both holes and electrons.
When considering the properties of pyrolytic graphite it is important to note that the values depend upon the temperature at which the material is annealedp as well as the ambient temperature. To illustrate this dependence, the average carrier mobility, defined by (M H .) 2 . is shown in Fig. 4 as a function of absolute temperature for pyrolytic graphic heat 2 treated at the three different temperatures . Note that the mobility increases with the heat treatment temperature, especially at low ambient temperatures.
The total carrier density, n_ + n + , is shown in Fig. 5 as a function of temperature for pyrolytic graphite heat treated at temperatures in the range from 2 500 o C to 3000 o C.
C. Calculation of Pyrolytic Graphite Plasma Properties
The range of values for the plasma properties of pyrolytic graphite heattreated at 3000 o C are shown in Table I . The mobilities and the densities can be calculated from measurements of the resistivity, the Hall coefficient, and the magnetoresistance as discussed in the next section.
The effective masses are determined from quantum mechanical considerations to be m_ = 0.03 m and m = 0.06 m where m is the usual free electron mass.
If it is assumed that the inter-electron and inter-hole collisions dominate the scattering mechanisms, then the conservation of momentum holds for holes and electrons so that m_v_ equals m v and v_/v + equals 2.
-15- graphite is a particularly important result since it is necessary that UT > I in order to obtain the desired instability at the radian frequency, u.
-19-D.
Measurement of Properties
The carrier mobilities and densities of pyrolytic graphite can be determined by measurement of the resistivity, p ; the Hall coefficient, R ; and the magnetoresistance coefficient, A . The equations relating t h e s e parameters to mobility, M, and charge concentration, n are : where o" is the conductivity, n and n are the electron and hole concentrations, v_ and H . are the electron and hole mobilities, eis the electron charge, a = n + /n_ , b = K_/V + , and H is the magnetic intensity in gauss.
The above three equations involve the four unknowns M + , y_, n and n_ so that they cannot be determined explicitly. However, assuming a pure pyrolytic graphite material, the electron to hole concentration ratio "a" The results of the solutions are listed below where o" =-is used. -21-
CONCLUSIONS
A special case of the double-stream instability has been considered both quantitatively and qualitively in order to establish physical concepts. The case considered was that of two coupled counterstreaming beams having equal and opposite discrete velocities and equal plasma frequencies. In the actual solid-state plasma the velocities for the hole and the electrons both have a displaced Maxwellian distribution and the plasma frequencies are not necessarily the same. The result of the discrete velocity analysis was that the oscillation frequency is approximately equal to the plasma frequency of either beam. This is in good agreement with the more detailed analysis of Pines and Schrieffer.
Methods of measuring the plasma properties of pyrolytic graphite have also been considered. The basic properties of hole and electron concentrations and mobilities can be determined by measurement of the conductivity, the Hall coefficient, and the magnetoresistance coefficient. Calculations of the plasma properties of pyrolytic graphite, based on the measured value of Klein indicate that this material is highly suitable for the study of solidstate plasma instabilities. Pyrolytic graphite samples annealed di various temperatures will be procured and dc measurements of the plasma properties will continue.
Experimental microwave circuits will also be designed to measure the pyrolytic graphite properties at microwave frequencies.
The measured properties will be used to calculate the oscillation frequencies and the growth rates for the best samples.
The optimum method for observing the instabilities experimentally will be determined.
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